Abstract: With selection in beef cattle now incorporating feed efficiency, knowing the relationship with other traits is needed. Genetic relationships were estimated with an animal model in ASReml with a three-generation pedigree inclusive of 2882 animals. Multibreed data from two Ontario beef research farms with fertility traits were available on 1366 females and postweaning traits, including feed efficiency on 1297 individuals. Estimates of heritability for fertility traits were low to moderate ranging from 0.03 ± 0.01 for pregnancy rate to 0.21 ± 0.02 for gestation length, and postweaning traits were moderate to high with feed conversion ratio at 0.22 ± 0.06 to mid-metabolic weight at 0.89 ± 0.01. Both dry matter intake and mid-metabolic weight were genetically correlated with most fertility traits from −0.52 to 0.34. The genetic correlation between average daily gain and days to calving was moderately negative (-0.33 ± 0.16) as was residual feed intake with days to calving (-0.34 ± 0.17). Bigger cows with more feed intake and faster growth were more fertile, and residual feed intake had an unfavorable genetic correlation with days to calving, indicating that programs to select for feed efficiency should include fertility simultaneously in a selection index.
fertiles et la consommation résiduelle avait une corrélation génétique défavorable avec les jours au vêlage, ce qui indique que les programmes qui choisissent les vaches selon l'efficience alimentaire devraient inclure simultanément la fertilité dans l'indice de sélection. [Traduit par la Rédaction] Mots-clés : bovins de boucherie, efficience alimentaire, fertilité, paramètres génétiques.
Introduction
Feed conversion ratio (FCR) and residual feed intake (RFI) are commonly used to study feed efficiency in beef cattle (Koch et al. 1963; Berry et al. 2009 ). Although the concept of measuring feed efficiency has been around for some time, it is only in the past decade or so that genetic evaluations have been available to make significant progress for this trait. Also electronic equipment has been advancing making it more feasible to measure intake on farm and on breeding candidates, such as the GrowSafe system (Basarab et al. 2002) . Since the introduction of the GrowSafe system, expected progeny differences (EPDs) of the components of feed efficiency were able to be predicted with moderate accuracy (MacNeil et al. 2011) . Moreover, including genomic or DNA test results will further expand the opportunity for selection for feed efficiency in beef cattle as genomic predictions become available and provide added accuracy to the animal's EPD (Pryce et al. 2012 ; American Angus Association ® /Angus Genetics Inc. ® 2015). With this increased selection pressure on efficiency, it is very important that resulting changes expected in correlated traits are well understood.
Female fertility is a trait of economic importance where improvement may provide four times more economic return than improving end-product traits (Melton 1995) , and its relationship with feed efficiency needs to be better understood. Generally, fertility is reported as having low heritability (Rust and Groeneveld 2001; Jamrozik et al. 2012) . Few studies have attempted to quantify the genetic relationship between feed efficiency and female fertility, and although a definitive relationship has not been set, there are some indications that there could be an underlying negative genetic relationship between fertility and efficiency as three studies have found evidence of improved efficiency being related to delayed puberty (Arthur et al. 2005) , later calving in the calving season , and delayed age at first calving (Crowley et al. 2011) . The main objective of this study was to determine the genetic and phenotypic correlations between female fertility and feed efficiency of growing animals in a multibreed beef herd to quantify how improvements may affect one or the other in terms of genetic evaluation and selection.
Materials and Methods
Data used in this study came from animals cared for under protocols approved by the University of Guelph Animal Care Committee which follows the guidelines of the Canadian Council on Animal Care (Olfert et al. 1993 ).
Animals and management
Animals originated from two universities of Guelph research farms: the Elora Beef Research Centre (EBRC) and the New Liskeard Agriculture Research Station (NLARS). The two herds were multibreed with main breed compositions of Angus, Simmental, Piedmontese, and Charolais. The breed proportions for these herds are presented in Table 1 .
In the two herds, females were mated through artificial insemination. In each breeding season, 10%-55% of semen was collected from bulls that were raised by the two herds and others were purchased from breeding companies, with primarily the same bulls used at both locations, which provides strong genetic links between the two herds. Approximately 180 and 225 females were bred at the EBRC and NLARS respectively, each year. The EBRC runs one breeding season/year, where artificial insemination follows the natural estrus of each female with teaser bulls used for heat detection. Inseminations at NLARS followed estrus synchronization (ES) with fixed-time insemination utilizing controlled internal drug releases (CIDRs) (Bioniche Animal Health, Belleville, ON, Canada) within two breeding seasons/ year. From 2003 to 2006, two ES treatments were utilized for the first insemination, and two treatments were used for the second insemination in each breeding season. After 2007, there was only one treatment used for ES. Every year, approximately 130 calves were born at the EBRC and 150 at the NLARS. Calves stayed with their dam until weaned at approximately 200 d of age. A selection of heifer calves were evaluated for feed efficiency at both EBRC and NLARS with individual feed intake measured postweaning. Male calves as potential breeding bulls and nonselected calves (steers and heifers) from NLARS and EBRC were fed in the EBRC feedlot for various postweaning nutrition trials with individual feed intake.
Animals were transferred to the feedlot after weaning, and they were allowed to acclimatize to the facilities, feed, and feeding system for 28 d before the start of the trial. Animals (n = 1297) were evaluated for postweaning individual feed intake through one of two automated feeding systems: Calan gate (n = 369; American Calan, Northwood, NH; Ferris et al. 2007) and Insentec (n = 928; Insentec, Marknesse, the Netherlands; Chapinal et al. 2007 
Phenotypes
Data for fertility traits were collected from 2002 to 2011. A total of 1469 females had fertility records on insemination date, pregnancy check results, and calving dates. The first-service conception rate (FSCR) and pregnancy rate (PR) were determined according to records of insemination and pregnancy diagnoses, using 1 and 0 to indicate pregnant or not. The number of services per conception (NS) was classified into three grades: 1 and 2 indicating pregnancy after the first or second insemination, respectively, and 3 indicated failure after two inseminations. Some EBRC animals became pregnant at the third or fourth insemination, but these were still recorded as 3 to combine data from both herds as the NLARS data included only 2 inseminations per female per year. Gestation length (GL) was computed as the period between the last insemination date and the calving date. Days to calving (DC) was defined as the interval between the first insemination date of the entire group and the subsequent calving date of each female. Records of females older than 12 yr (n = 24) were removed. Records of GL (n = 16) and DC (n = 28) were removed if they exceeded three standard deviations (SDs) from their respective contemporary group (CG) means. Finally, 1366 females with a range of 2619 to 3863 records of each trait were analyzed.
Data for postweaning traits were collected from all growing animals recorded between 1996 and 2009. Average daily DMI was computed as the average of recorded daily dry matter intake during the test period. The ADG for each animal was calculated as the linear regression coefficient from a regression of body weight (BW) measurements on day on test. The mid-test body weight (MBW) was computed by the intercept and slope of the BW linear regression equation multiplied by half of the number of days on test for that group. Metabolic mid-test body weight (MMBW) was determined as MBW (kg) raised to the power of 0.75. The FCR was calculated as the ratio of ADG and DMI, kg feed kg −1 gain. The RFI was defined as the difference between actual DMI and the expected DMI based on maintenance and growth (Koch et al. 1963) . RFI was calculated as the residual term of a multiple regression model as follows:
where TTY refers to feeding contemporary groups (trial × treatment × year); β 1 is the partial regression coefficient associated with ADG; β 2 is the regression coefficient associated with MMBW; and residual term is the estimate of RFI. This definition of RFI is the one originally proposed by Koch et al. (1963) and does not include an adjustment for the composition of live weight gain such fatness as applied by Schenkel et al. (2004) . Animals (363) with records that exceeded the overall mean ± 3 SDs of any trait were removed from the data set. A total of 1297 animals were included for the study of postweaning traits. Descriptive statistics for all measurements are presented in Table 2 .
Statistical analysis
Estimates of heritability were obtained using univariate linear models. Phenotypic and genotypic correlations between fertility and postweaning traits were estimated using bivariate models. All genetic animal models were fit in ASReml 3.0 (Gilmour et al. 2009 ). The single mixed model for each trait was
where Y is a vector of the observations of the estimated trait, μ is the overall mean of the trait, b is a vector of fixed effects, a is a vector of the additive genetic effects, e is a vector of random residual errors, and X and Z are design matrices for fixed and random effects, respectively. Assumptions of the single linear model were EðYÞ = μ þ EðbÞ; a ∼ Nð0,Aσ 2 a Þ, where A is the genetic relationship matrix and σ 2 a is the additive genetic variance; and e ∼ Nð0,Iσ 2 a Þ and σ 2 a are residual variances. The FSCR, PR, and NS data were analyzed with a linear model. Theoretically, threshold models have been shown to be more correct than linear models for analysis of categorical data (Gianola 1982) as shown through simulation (Meijering and Gianola 1985) . Routine genetic evaluation of categorical fertility traits is mostly based on linear models not only due to practical issues with the "extreme category problems" where all observations for some subclasses are in the same category but also due to threshold models being more demanding computationally than linear models. This study follows our previous work investigating fertility traits in Canadian Simmental cattle where a linear model was implemented (Jamrozik et al. 2012) . A total of 2882 animals with a three-generation pedigree were included and 270 replacement heifers had both fertility and postweaning phenotypes, including feed intake. Fitted fixed effects for fertility traits were breeding CG (combinations of herd, breeding year, and breeding season, n = 24), age of animal in years (from 1 to 12), and estrus treatment (natural estrus or different estrus synchronization treatments, n = 10). Covariates for fertility traits included heterozygosity (%) and individual regressions for percentages of the breeds Angus, Simmental, Charolais, and Piedmontese, respectively. The heterozygosity and breed fractions were determined using in-house software based on pedigree data (Robison et al. 1981) . Fixed effects of birth contemporary group (combinations of herd and birth year, n = 34), feeding contemporary group (trial × treatment × year, n = 138), and gender (bull, steer, heifer, and replacement heifer) were included for postweaning traits. Covariates for postweaning traits included, heterozygosity and breed, fit as described for the fertility traits along with age at the end of the test (days). Additive genetic effect and residual errors were included as random effects in all models. Models used in bivariate analyses remained the same as in the univariate models.
Significance testing of the estimates of genetic parameters followed the approximate rule suggested by Åkesson et al. (2008) where a genetic parameter is significantly different from 0 (P < 0.05) when it is at least twice the value of the standard error of the parameter. When the estimated parameter is at least 3 times the value of the standard error, then the P is smaller than 0.01.
Results and Discussion

Heritability estimates
The genetic parameters of each fertility trait are shown in Table 3 . In the current study, heritability estimates of fertility traits were low to moderate from 0.03 to 0.21. This is consistent with two recent reviews on fertility performance (Rust and Groeneveld 2001; Cammack et al. 2009 ). The low estimates of heritability for FSCR (0.04 ± 0.01) and PR (0.03 ± 0.01) were consistent with estimates done by Toelle and Robison (1985) (0.06), Morris and Cullen (1994) (0.04) and Bormann et al. (2006) (0.03). Meyer et al. (1990) reported a heritability of 0.05 for NS, which is similar to that in this study. The heritability estimate for GL (0.21 ± 0.02) was slightly lower than those in a FSCR, first-service conception rate; PR, pregnancy rate; NS, number of services per conception; GL, gestation length; DC, days to calving; DMI, average daily dry matter intake; ADG, average daily gain; MMBW, metabolic mid-test body weight; FCR, feed conversion ratio; RFI, residual feed intake. ). most other studies (0.30-0.48; Burfening et al. 1978; MacNeil et al. 1984; Wray et al. 1987; Cervantes et al. 2010) . Heritability for DC was in the range of that reported in the literature (0.04-0.11; Meyer et al. 1990; Johnston and Bunter 1996; Donoghue et al. 2004; Jamrozik et al. 2012 ). This study combined fertility traits recorded in two herds, of which estrus synchronization and fixed-time insemination were applied in one herd only (NLARS). It is possible that fertility with and without synchronization is different traits. The heritability estimates using the combined data were consistent with the literature, which supports the decision of combining the data from the two herds. Given the relatively small dataset, combining the data was a necessity. In summary, the magnitude of these heritability estimates indicated that female reproduction could be improved by selection, but progress would be slow because of these low heritabilities.
Generally, heritability estimates for growth and feed efficiency traits were moderate indicating important genetic components for growth and feed efficiency traits with a significant potential for response to selection. Heritability estimate for ADG in this study (0.46 ± 0.05) was greater than that for Brangus heifers (0.21; Lancaster et al. 2009 ) and that of mixed beef-breed steers (0.26; Rolfe et al. 2011 ). However, it was consistent with those reported by Archer et al. (2002) Heritability estimates for DMI (0.52 ± 0.05) and RFI (0.37 ± 0.06) in this study were similar to those reported in most studies, with estimates ranging from 0.47 to 0.54 (Nkrumah et al. 2007; Lancaster et al. 2009; Crowley et al. 2010; Rolfe et al. 2011 ) and from 0.33 to 0.44 (Archer et al. 2002; Schenkel et al. 2004; Crowley et al. 2010) , respectively.
Estimate of heritability for FCR was 0.22 ± 0.06 in this study. It is lower than previous heritability estimates reported by Crowley et al. (2010) Heritability estimates (0.89 ± 0.01) for MMBW were greater than previously reported (0.69 and 0.71; Archer et al. 2002; Crowley et al. 2010) . The reason for the higher heritability estimates in these data is somewhat puzzling as the other weight measures such as ADG have heritabilities which are closer to previous estimates, although higher as well. There is a trend in these data for higher heritibility estimates for weight data than has been seen in other studies and an obvious reason for this is not apparent.
Fertility and growth
Genetic correlations for fertility traits with growth and feed efficiency are detailed in Table 4 . ADG was moderately correlated with DC at −0.33 ± 0.16. MMBW was moderately correlated with FSCR at 0.39 ± 0.14. While genetic correlation estimates for MMBW with NS and DC were negative at −0.42 ± 0.14 and −0.51 ± 0.12, respectively, indicating that higher MMBW was related to better fertility. Phenotypic correlations for fertility traits with ADG and MMBW were consistent with but smaller than their corresponding genetic correlations. This was mainly due to low heritability and associated environmental variance estimates for fertility traits.
The genetic correlations between growth and female fertility traits indicate a favorable relationship between breeding values for growth and fertility. A favorable Table 4 . Phenotypic (r p ± SE) and genetic (r g ± SE) correlations between fertility and postweaning traits. genetic correlation of 0.21 between carcass fat and conception rate was reported by MacNeil et al. (1984) and also, a positive genetic correlation (0.20) between postweaning gain and heifer pregnancy for Nellore cattle has been estimated (Santana et al. 2012) . These estimates indicate that bigger cows are more fertile. In recent decades, bigger cows have been less desirable for breeders, with many breeders indicating that they are "moderating cow size" due to the fact that bigger cows require more energy for maintenance and where nutrition is limiting would have reduced fertility (Johnson et al. 2010) . In this research, station environment, of which nutrition was not a major limitation, as it could be in commercial range conditions, bigger faster growing cows performed better for fertility. Selection indexes with growth, mature size, feed intake, and fertility should be properly balanced to ensure the genetic selection of the most profitable animals for the commercial environment where they will perform.
DMI, RFI, and fertility
As can be seen in Table 4 , there are definite genetic correlations between DMI and fertility traits. DMI was moderately and negatively correlated with DC (-0.52 ± 0.14), which indicated that a cow with more feed intake would have a shorter, more favorable DC. Crowley et al. (2011) , albeit with large standard error (SE), also reported negative correlation estimates between DMI and age at first calving and calving to first service (similar to DC in this research) at −0.23 ± 0.14 and −0.18 ± 0.20, respectively. The genetic correlation estimates for DMI with NS and GL in this study were negative but not significantly different from zero. Overall, better fertility performance was correlated with higher feed intake. This may be because well-fed heavier animals have more energy balance to devote to superior fertility (Crowley et al. 2011) . Due to the high and positive genetic correlations between DMI and MMBW reported previously (Archer et al. 2002; Nkrumah et al. 2007 ) and the significant genetic correlations estimated between MMBW and fertility traits from this and earlier studies, strong consistent evidence of a positive genetic correlation between DMI and fertility traits is indicated. Therefore, selection of sires for improving female fertility should consider cow weight simultaneously in an index if larger females with a relative increase in feed intake are not desirable.
As can be seen in Table 4 , RFI was significantly negatively correlated with DC but not with other fertility traits. The nonsignificant genetic correlation between RFI and PR is consistent with a study published by Arthur et al. (2005) . In that study, selection was based on low and high RFI, with no significant difference detected in pregnancy (calving/weaning) rate after an average of 1.5 generations of selection. An unfavorable genetic correlation (-0.37 ± 0.17) was found between RFI and DC in this study. Of the fertility traits studied, DC was the most heritable and could be seen as the best predictor of female fertility. This negative relationship between RFI and DC provides evidence of a potential unfavorable relationship between fertility in females and RFI. Other studies have also found evidence of an unfavorable relationship between fertility and RFI. Shaffer et al. (2011) classified RFI into two and three groups to study differences in fertility and found only age at puberty that was significantly different between positive and negative RFI groups with positive RFI associated with heifers becoming pubertal 13 d earlier, indicating selecting on RFI would delay heifer puberty. Arthur et al. (2005) found that selection for low RFI would lead to a significant delay of five extra days for calving than selection for high RFI. Crowley et al. (2011) reported a negative genetic correlation between RFI and age at first calving (-0.29 ± 0.14). These three studies fit an RFI model that did not account for fatness. As other studies such as Schenkel et al. (2004) have shown, animals which deposit more fat during the growing period have poorer RFI. Based on this relationship, it can be expected that the more efficient cattle in this study were leaner. Therefore, some of the relationship between RFI and DC observed in this study could be attributable to the fact that the more inefficient cattle were fatter, which could be related to better fertility such as observed by MacNeil et al. (1984) . This suggests that selection for RFI, without fatness adjustment, as is common in many genetic evaluations for RFI implemented in industry, or DC alone without considering the genetic correlations between them will, over time, lead to an unfavorable response for the other trait. Including fatness in the selection program with the proper relationship with RFI and fertility traits modelled could help overcome this negative relationship in practice.
FCR and fertility
Genetic and phenotypic correlation estimates between FCR and fertility traits ranged from −0.24 to −0.01, (Table 4 ). All estimates were not significantly different from zero indicating that selection for feed efficiency based on FCR will not influence fertility performance significantly. In this aspect, selection for FCR will have less unfavorable correlated responses in fertility traits than selection for RFI directly. This is due to the fact that fertility was associated favorably with higher growth and size and unfavorable with DMI, which in combination presents a net zero effect between FCR and fertility traits.
Conclusion
According to the heritability estimates obtained in this study, selection for fertility and feed efficiency traits are feasible. The moderate heritability estimate of DC shows the potential of this trait in a breeding program. Bigger and faster growing cattle were related with better fertility performance genetically. Unfortunately, improving RFI could be at the detriment of DC due to the unfavorable genetic correlation found in this study, which is supported by an unfavorable relationship between RFI and fertility traits in females found in previous studies. Therefore, selection for fertility and efficiency along with other important related traits such as fatness should be done together to be sure that the most profitable cattle are selected overall.
